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Introduction
The biophysical properties o f  water-tilled pores in 
biological membranes have been studied for decades, 
and this has cumulated in an accurate description o f  
water channel properties [1|, In spile of  all this knowl­
edge, the molecular identification o f  water channels 
resulted from a serendipitous discovery, Denker vt at. 
[2] eopurilied a 2K«kH protein together with a 32-kI) 
Rhesus antigen from human red blood cells, and this 
discovery led to the cloning o f  the first molecular 
water channel, ('IIIP2K (3), (1I1P2K appeared to be 
a member o f  the major intrinsic protein (MIP) family 
of intrinsic membrane proteins, named after the first 
cloned protein o f  this family, the major intrinsic 
protein of lens fibre cells |4], The molecular fingerprint 
of MIP family members consists o f  two repeats, 
presumably the result o f  an ancient gene duplication 
event [5|. Had) repeat is characterized by a very 
conserved region in which an N P A  box (asparagine 
proline alanine) is unchanged from bacteria to mam­
mals (Fig.I). Owing to this property, new family 
members were discovered by homology cloning using 
reverse transcription polymerase chain reaction (RT 
PCR) and primers corresponding to these conserved 
sequences [(> I2|. It is now clear that genes coding for 
MIP proteins are ubiquitous in nature. For the func­
tional characterization o f  water channels, the Xctiopus 
oocyte expression system has played a dominant role, 
merely because the osmotic swelling test of  oocytes 
expressing water channels is o f  appealing simplicity. 
For MIP family members that were proven to be water 
selective, a new more appropriate name was chosen 
and since then water channels discovered in mamma­
lian tissues have been rehapti/ed as aquaporins 0 to 5,
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in the rank order o f  their discovery [13]. In this review, 
we will focus on publications that appeared in 1994 
and 1995 and wc restrict ourselves to mammalian  
aquaporins. A number o f  excellent reviews on water 
channels have recently been published, reflecting the 
excitement which surrounds the discovery o f  aqua­
porins and their role in water homeostasis o f  the 
body [14 -17],
Aquaporin 0
The major intrinsic protein (MIP) in the fibre cell 
membranes of  the bovine lens was the first member o f  
this channel family to be identified [4]. initially, MIP  
was thought to be the gap junction protein o f  the lens, 
but expression in Xenopits oocytes revealed that MIP  
does not form gap junction channels like conncxins  
[ IK] .  Recently, MIP was shown to be a weak water 
channel [19]. Oocytes expressing M IP  showed a fo in ­
to live-lbld increase in water permeability (/Y), co m ­
bined with a low activation energy. Introducing a 
proline residue in the fifth transmembrane domain  
raised the water permeability by 50%. A n  important  
observation was that MIP-cxpressing oocytes failed to 
exhibit .increased ion channel activity. It was co n ­
cluded that MIP functions as a water channel in lens 
and, therefore, M IP is now  also known as A Q P 0 [19] 
although MIP is likely to have other essential func­
tions in lens. Mice with mutations in A Q P 0 suffer 
from congenital cataract, suggesting that A Q P 0 has 
an important function in water homeostasis  o f  lens 
fibre cells and in the maintenance o f  lens transparency  
[20].
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Aquaporin 1
The identification of  CTIIP28 as the first molecular  
water channel, AQP1, initiated an avalanche o f  new  
information that substantially increased our under­
standing of  water homeostasis o f  the body in general 
and renal water transport in particular. Expression o f
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Figure I. Proposed topology o f  the aquaporins. The molecule 
consists o f  six l runs mem bra ne segments, connected by loops A lo 
E, with cytoplasmic amino- and earboxy-terinini. The two repeats 
and the highly conserved NPA boxes are indicated.
AQP1 in Xenopus oocytes dramatically increased the 
rate o f  osmotic swelling. The selectivity of A Q Pl was 
proven in reconstitu tion studies. Proteoliposomes 
containing AQP1 were highly water permeable with 
unchanged permeabilities for urea and protons [21]. 
Recently, one group reported glycerol permeation 
through AQP1 [22], but this observation has not 
been confirmed by others.
H ydrophobicity  plots predicted that M IP family 
members have six hydrophobic domains, which can 
form the transm em brane regions, with intracellular 
amino- and carboxy-term ini. The six bilayer-spanning 
dom ains are connected by five loops (loops A E in 
Fig. 1)* The molecule consists of two repeats of three 
transm em brane dom ains each, which are oriented at 
180° tow ards each other [5]. Each repeat contains 
the conserved N P A  box, in loops B (cytoplasmic) 
and E (extracellular) (Fig. 1). This hydrophobicity- 
based m olecular structure o f  A Q Pl was confirmed by 
partial proteolysis after insertion at different sites of 
an  E l epitope tag sensitive to chy mo trypsin, without 
affecting the biological activity o f  the molecule [23]. 
The mercury-sensitive site o f  A Q Pl was shown to be 
cysteine 189, which is located next to the N PA  m otif 
in loop E (for review, see [24]). W hen a cysteine was 
introduced in a mercury-insensitive m utant at posi­
tion 73, which is located in cytoplasmic loop B, it was 
observed th a t w ater perm eation became mercury sen­
sitive again [25], This suggested th a t loops B and E are 
essential for w ater transport, and Jung et at. [25] 
proposed the so-called hourglass model in which 
loops B and E fold back into the membrane and 
together form  the w ater pore. A Q Pl resides in the 
m em brane as a hom otetram er in which only one 
m onom er appears to be glycosylated at an asparagine 
residue in loop A. Nevertheless, every monomer 
appeared to function as an independent channel. 
This is consistent w ith  radiation inactivation studies, 
which revealed tha t the functional unit o f water 
channels in proxim al tubules and erythrocytes is
about 30 kD, which is in agreement with the molecular 
size of A Q Pl (for review, see [24]).
AQPl is shown to be expressed in an ever-increasing 
number o f tissues. In kidney, it is expressed in apical 
and basolateral membranes o f proximal tubules, the 
thin descending limb of Henle and in vasa recta. 
Furthermore, A Q Pl is expressed in red blood cells, 
lens epithelium, corneal endothelium, ciliary body and 
iris, non-fenestrated capillary endothelial cells, the 
apical microvilli o f the choroid plexus, parts of the 
male reproductive tract, red pulp in spleen, gallbladder 
epithelium and chulangioeytes in liver. Others also 
reported expression in alveolar epithelial cells and 
bronchial epithelium, colonic epithelial crypt cells, 
pancreatic acinar cell epithelium, salivary gland epithe­
lium and the basolateral membrane of sweat glands, 
endocardium and syncytial trophoblast cells of pla­
centa (for review, see Ref. 26), and in the inner ear [27],
In lung, A Q Pl is expressed in the peribronchial 
vasculature and the visceral pleura. This location 
suggests that A Q Pl may play an im portan t role in 
water absorption in the lung al birth, when the lung 
has to be cleared o f fluids and prepared for alveolar 
exchange [28j. In rat, the expression of A Q P l in lung 
is increased by corticosteroids, which are known to 
improve pulm onary functions in prem ature human 
infants, consistent with the possible role o f  A Q Pl in 
perinatal lung w ater clearance [28],
Epithelial cells lining cysts in autosom al dominant 
polycystic kidney disease have been found to express 
AQPl [29], AQPl may play a role in fluid secretion into 
these cysts and this is corroborated by the simultaneous 
presence of cystic fyhrosis transmembrane conductance 
regulator (C FTR ) in apical membranes o f  these cyst 
cells [30].
AQPl  gene defects
M utations in A Q Pl leading to a non-lunctional water 
channel were expected to have severe clinical or even 
lethal consequences, since A Q P t is expressed in a wide 
variety of tissues throughout the whole body. How­
ever, when it appeared that the Colton blood group 
antigens result from an alanine valine polymorphism 
at residue 45 in the first extracellular loop o f  A Q P l, a 
worldwide search was started for individuals who 
are negative for the Colton blood group antigens 
(Co a /b ) [31]. This search revealed live individuals, 
and from three women blood and urine samples could 
be collected. In these individuals, an exon deletion, a 
nucleotide insertion and a missense m utation resulted 
in the disruption o f the protein, leading to the absence 
of A Q Pl. Surprisingly, however, these individuals 
appeared lo be healthy, suggesting the existence of 
compensatory mechanisms and denying the antici­
pated vital im portance o f A Q Pl [31]. Recent studies 
have revealed a slightly reduced life span and deform- 
ability of their erythrocytes [32], but, until now, a 
thorough assessment o f renal function has not been 
accomplished.
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The existence o f red cells with a specific deficiency 
of AQPl protein provides an opportunity to assess the
contribution of A Q Pl to the diifusional (/>d) and 
osmotic (Pf) water permeabilities o f red cells. In 
addition, the exact Pf /PL\ ratio will permit calculation 
of the length of the aqueous pathway through A Q Pl 
[1], Low molecular weight solutes do not permeate 
through A Q Pl, indicative of a small pore, in which 
water only moves in single file. M athai et al. [32] used 
red cells of these extremely rare Colton-null phenotype 
individuals and determined that AQPl contributes more 
than 85% to the total osmotic pathway. The AQPl- 
mediated P ^ \ \  ratio turned out to be 13 and this ratio 
predicts the length of the aqueous channel within AQPl 
to be 36 A, which is shorter than the estimated 50 A 
width of the lipid bilayer, consistent with the hourglass 
model, In contrast to these Colton-negative individuals, 
who are apparently not in need of a functional AQPl, 
continuous ambulatory peritoneal dialysis (CAPD) 
patients seem to benefit from a functional AQPl, since 
the presence of AQPl in peritoneal capillaries facilitates 
water efflux into the peritoneal dialysate [33].
Aquaporin 2
AQP2 was cloned by Fushimi et a i [6J, and the topology 
model of AQP2 is similar lo that of A Q P l. AQP2 is also 
glycosylated, but at position N124 located in the third 
loop. Bai et a i [34] inserted an N-glyeosylalion motif 
(NTS motif) into the hydrophylie loops of the non­
glycosylated m utant o f AQP2 (NI24D). Only when 
the NTS motif was inserted in the first or fifth hydro- 
phylic loop was the protein glycosylated, which indicates 
that loops A, C and K are extracellular. The mercury- 
sensitive cysteine o f AQP2 resides in loop ii next to 
the NPA motif, as in A Q P I . Introduction of a cysteine 
in loop B (A65C) of a mercury-insensitive AQP2 
molecule (Cl SI A), made AQP2 mercury sensitive by 
only 16%. Furtherm ore, they showed that amino acid 
substitutions o f asparagine 123 decreased water 
permeability and that cysteine residues introduced in 
loop C (H122C or NI23C) or loop I) (G154C, D155C, 
N156C) in a CIX1A mutant induced partial mercury 
sensitivity, indicating that loops C and D may be closely 
located near the water pore. Since similar experiments 
have not been performed with AQPl, results cannot be 
compared. Mutations in loops B and Ii of AQP2did not 
alter water channel function, and Bai et al. [34] con­
cluded that (he functional model for AQP2 may be 
different from the A Q Pl hourglass model. In our 
laboratory, however, several mutations in loops B 
and E of A Q P 2 caused an impairment in the intra­
cellular routing of AQP2, indicating that mutations in 
loops B and Ii severely distort the structure [35].
Immunohistochemistry localized AQP2 exclusively 
to the principal cells of the cortical and outer 
medullary collecting duct and to inner medullary cells 
[6,36]. The use of immunoelectron microscopy techni­
ques revealed that most AQP2 is present in small 
endosomal vesicles in the subapical region [36], In the
absence o f arginine-vasopressin (AVP), the apical 
membrane has a low perm eability fo r water, but 
admission of A V P results in a rap id  increase. W ade 
et al. [37] originally postulated th a t the rap id  increase 
in Pf occurred by a m em brane shuttle  mechanism. 
Binding of AVP to the V2-receptor increases cA M P, 
which results in a fusion o f  intracellular m em brane 
compartments with the apical m em brane. W ithdraw al 
of AVP results in endocytosis and the res to ra tion  o f a 
low water permeability o f the apical m em brane. C on­
clusive evidence has now been provided for the shuttle 
hypothesis by following the redistribution o f  AQP2 
after AVP admission in isolated collecting ducts in 
normal and in Brattleboro rats and in transfected 
L L C -PK 1 cells [38-42]. Nielsen et al. [38] examined 
the role of AVP in perfused collecting ducts o f rat, 
using high-resolution im m uno-EM . They m easured 
the labelling density o f  AQP2 in the apical m em brane 
and intracellular vesicles before and  after AVP 
admission and confirmed the shuttle hypothesis. 
Others [40,41] reached the same conclusion from 
in vivo studies in Brattleboro rats th a t lack vasopressin 
synthesis, and in which AQP2 is only present in 
subapical vesicles. AVP infusion caused a m arked  
redistribution of AQP2 to the apical m em brane. In 
normal rats, the fraction o f A Q P2 in the plasm a 
membrane relative to tha t in intracellular vesicles 
increased two-fold after infusion o f l-desam ino-8-D-
argmine vasopressin (DD A VP), and  this increase was 
even larger when the rats were w ater loaded for 12 h 
before DDAVP infusion [39]. K a tsu ra  et al. [42] 
transfected LLC-PK 1 cells with A Q P l and AQP2 
(tagged with a c-myc epitope). A Q P l transfection 
conferred a constitutively twofold higher P r to 
LLC-PK cells, whereas the Pr o f  AQP2-transfected 
cells increased only after AVP treatm ent. Forskolin  
treatment induced a similar redistribution of A Q P2 to 
the plasma membrane as AVP. The ultim ate p ro o f  for 
the reversibility of AQP2 shuttling was provided by 
experiments in which LLC -PK  1 cells were treated 
with the protein synthesis inhibitor cycloheximide. 
Repetitive admission and withdrawal o f  vasopressin 
indicated that AQP2 molecules can be recycled at least 
three times without degradation in the lysosomal 
compartment [42]. Im m unolocalization studies, how ­
ever, showed that AQP2 was inserted into the  baso­
lateral membrane rather than  into the apical 
membrane. This unphysiological targeting may be 
caused by the c-myc epitope, which could influence 
the routing of AQP2, or is inherent in AQP2 expression 
in LLC-PK cells.
In addition to the short-term  regulation by 
vasopressin, the urinary concentration ability is also 
regulated by a long-term regulation process. W hen 
dehydrated Brattleboro rats were treated for 5 days 
with AVP infusion, the expression level o f  AQ P2 
increased nearly three-fold [43]. A fter thirsting 
normal rats for 48h, the am ount o f A Q P 2 m R N A  
[44] and the AQP2 protein expression [36,43,45] 
increased several-fold. W hen dehydrated rats were
a.
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treated with a V2-receptor antagonist, the increase in 
AQP2 expression was completely abolished, indicating 
that this increase is mediated by the V2-receptor [45].
To study the effect of cAMP on the AQP2 gene, the 
5' flanking region of the human AQP2 gene was 
isolated and its promoter activity was measured by a 
chloramphenicol acetyl transferase (CAT) assay. It 
was shown that the AQP2 promoter region contains a 
cAMP-responsive element (CRE), which directed 
increased transcription after elevation of intracellular 
cAMP levels. This suggests that cAMP is an important 
regulator of AQP2 gene expression [46].
In addition to an effect of AVP on AQP2 expression 
and insertion in the apical membrane, it is possible 
that AVP regulates the water pore in AQP2 directly by 
phosphorylation of the PKA consensus site Ser-256. 
Kuwahara et al [47] treated AQP2-expressing oocytes 
with forskolin and cAMP and observed a 50% 
increase in Pf, without a significant increase in exocy- 
tosis, whereas an S256A mutant AQP2 could not be 
stimulated by cAMP. In vitro phosphorylation studies 
confirmed AQP2 phosphorylation by PKA of the 
S256 residue [47], In contrast to this study, Lande et 
al. [48] were unable to find an effect of phosphorylation 
of AQP2-containing endosomes on the Pf of the isolated 
endosomes. They concluded that phosphorylation of 
AQP2 does not modify water permeation through 
AQP2, but that phosphorylation may modulate the 
distribution of AQP2 between plasma membrane and 
intracellular vesicle compartments.
The molecular machinery needed for AVP-dependent 
vesicle trafficking in the collecting duct cell is not yet 
understood in detail. It was shown that two vesicle- 
associated membrane protein (VAMP) homologues, 
VAMP-2/synaptobrevin [49,50] and cellubrevin [51] 
colocalize with AQP2 in intracellular vesicles. VAMPs 
play a role in membrane vesicle targeting in the endo- 
cytosis of synaptic vesicles in neuronal cells (SNARE 
hypothesis) [52]. This strongly suggests that VAMPs 
are involved in vasopressin-regulated targeting of 
AQP2. Others have shown that a Rab3-like protein, 
a protein also involved in regulated exocytosis, is 
copurified with AQP2-containing vesicles [53]. The 
glucose transporter from adipocytes, GLUT4, contains 
a dileucine internalization sequence that is critical for 
endocytosis of the GLUT4 protein [54]. The C-terminus 
of AQP2 also contains two dileucine motifs in a 
palindromic sequence that is absent in AQPl [42]. 
Both GLUT4 and AQP2 are internalized in clathrin- 
coated pits, indicating that a similar mechanism may be 
involved in internalization. The importance of these 
motifs in AQP2 remains to be shown.
AQP2 and diseases
Congenital nephrogenic diabetes insipidus. The 
exclusive localization of AQP2 in kidney medulla 
and its regulation by AVP resulted in the hypothesis 
that this water channel accounts for the facultative 
reabsorption of the approximately 16 L of pro-urine
which daily reaches the collecting duct. The final 
evidence for this assumption was the detection of 
AQP2 gene mutations in patients with hereditary 
nephrogenic diabetes insipidus (N D l) [55,56]. This 
disease is characterized by the inability of the kidney 
to concentrate urine in response to AVP. In most 
patients, NDI is caused by mutations in the V2-receptor 
gene, a form which is inherited as an X-linked recessive 
trait. In a few families, however, N D I shows an auto­
somal mode of inheritance. M utations in the AQP2 
gene have recently been found in such families 
[55,56,58] (Fig. 2). These patients show the same 
clinical phenotype, but can be distinguished from 
patients with a V2-receptor defect by their normal 
extra-renal response to the V2~receptor agonist 1-desa- 
mino-8-D-arginine vasopressin (DDAVP) [57]. The 
functional consequences of several amino acid substi­
tutions found in patients with autosomal recessive NDI 
have been studied in Xenopus lac vis oocytes [35,56], 
Expression of mutant AQPs did not result in an 
increase of compared with water-injected oocytes, 
Further studies on the fate of these mutant aquaporins 
in Xenopus oocytes have shown that they arc impaired 
in their transport to the plasma membrane, in some 
cases combined with a lower stability of the mutant 
proteins [35]. Therefore, the absence of water transport 
in oocytes expressing these mutants docs not provide 
information on the structurc-iunction relationship of 
the pore. Further research awaits the identification of 
mutations that do not result in impaired targeting of 
AQP2 to the plasma membrane. Recently, Bichct et al, 
[58] reported two families with autosomal-dominant 
inheritance of NDI in which patients were heterozygous 
for mutations in the AQP2 gene.
Kanno el a i  [59] studied AQP2 excretion into urine 
and quantified urinary AQP2 by a radioimmunoassay. 
In healthy volunteers and patients with central diabetes 
insipidus, AQP2 was found to increase in response to 
AVP, but not in patients with X-linkcd and non-X- 
linked NDI. They suggested that this assay might be 
used for the detection of NDI patients and their 
differentiation from patients with central diabetes insi­
pidus. We have, however, detected a high AQP2 level 
in the urine of an N D I patient with a non-sense V2- 
receptor mutation [60], and this shows that delineation 
of NDI from central diabetes insipidus will not be as 
simple as suggested and is certainly inferior to the 
performance of a DDAVP test. Moreover, the latter 
procedure not only discriminates between central and 
nephrogenic diabetes insipidus, but also between the 
two genetic forms of NDI [57].
Acquired nephrogenic diabetes insipidus. A well-known 
cause of acquired nephrogenic diabetes insipidus is 
chronic lithium therapy. Lithium is thought to exert 
this side-effect by interfering with the p o st-V 2-receptor 
pathway, although the exact mechanism of inhibition 
has remained unknown. Marples et a i  [61] found a 
decrease in AQP2 expression in the renal medulla of 
rats after chronic lithium infusion. Cessation of
© 1996 Blackwcll Science Ltd, European Journal o f  Clinical investigation, 26, 1041-1050
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Figure 2. Proposed topology of AQP2 , Missmse mutations, a nucleotide deletion (Del) and a mutation in the splice site 
(Splice) found in Ihe AQP2 gene of nephrogenic diabetes insipidus patients are indicated by arrows. Amino acids, which are 
conserved in at least ') out of 17 members of the MIP family, are indicated by filled symbols. Consensus sequences for 
potential phosphorylation sites lor protein kinase A (Pu ) and protein kinase C (P0). Mutations were taken from Refs 55,56,58.
lithium infusion or DDAVP treatment for a week 
reversed this down-regulation only partially, consistent 
with the clinical observation of slow recovery from 
lithium-induced NDI. Other polyuric states that have 
been associated with reduced expression of AQP2 are 
those observed during hypokalaemia, after release of 
bilateral ureteral obstruction, and in experimental 
nephrotic syndrome [62-64]. In addition, Takahashi 
et al. [65] found that AQP2 expression is reduced in the 
polyuria accompanying chronic renal failure, a factor 
which might contribute to the urinary-concentrating 
defect. Another condition in which, probably in 
addition to medullary wash-out, reduced expression 
of AQP2 could be involved is the initially reduced 
response to DDAVP, which is often observed in 
patients with central diabetes insipidus. Abnormal 
expression of A Q P2 has not only been associated 
with polyuria, but also with pathological water 
retention. An increase of AQP2 expression has been 
observed in the kidneys of cirrhotic rats that correlated 
with the volume of ascites [66].
in the search for this basolateral, A VP-independent 
water channel, three groups reported the cloning of a 
new member of the MIP family [7-9]. The new water 
channel was called AQP3, although Ma et al [9] called 
it the glycerol intrinsic protein (GLIP) because they 
failed to show any water transport through GLIP. In 
contrast to other AQPs, AQP3 is also permeable for 
small solutes like urea and glycerol, albeit to a much 
smaller degree. The water permeability of AQP3 is 
mercury sensitive, but no cysteine is present near the 
second NPA motif as in AQPl and AQP2. AQP3 is 
present in the basolateral membrane of collecting duct 
principal cells [8,9], with almost no AQP3 present in 
intracellular vesicles, suggesting that this water channel 
is not regulated by membrane shuttling [67]. In thirsted 
rats or Brattleboro rats infused with AVP, a 1*5- to 3- 
fold increase in abundance of mRNA [68] and protein 
[67] in the kidney was observed. In the terminal inner 
medullary collecting duct (IMCD) of kidney, AQP3 
may play an important role in antidiuresis as an exit 
pathway for urea. Outside the kidney, AQP3 has been 
localized in the basal membrane of tracheal epithelial 
cells, in the conjunctival epithelium in eye, in the 
basolateral membrane of villus epithelial cells in the 
colon and in brain ependymal cells [69]. With an 
exhibits a constitutive high water permeability, and RNAase protection assay, AQP3 was also detected in
© 1996 Black well Science Lid* European Journal o f  Clinical Investigation, 26, J 041-1050
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the transitional epithelium of urinary bladder and skin
epidermis [39].
Defects in AQP3 may contribute to nephrogenic 
diabetes insipidus. The observation, however, that the 
basolateral membranes of the inner medullary collecting 
duct contains some AQP2 and AQP4 suggests that an 
AQP3 defect will not be as severe as mutations in AQP2.
Aquaporin 4
In view of the high transcellular water permeability of 
lung alveoli, Hasegawa et al. [11] assessed whether 
aquaporins other than AQPl are involved. They 
detected a rat lung cDNA homologue encoding a 
novel, mercury-insensitive, water channel (MIWC), 
which was also found to be strongly expressed in 
brain, eye and colon. Jung et al. [10] isolated an 
AQP4 from brain, which was identical to MIWC, 
except for one functionally important amino acid. 
AQP4 mRNA was demonstrated to be present in 
brain and, to a lesser extent, in eye, kidney, intestine 
and lung. In rat brain, this fourth aquaporin is present 
in ependymal cells lining the aquaduct, glial cells 
forming the edge of the cerebral cortex and brainstem, 
Purkinje cells of the cerebellum, in the hypothalamic 
area where vasopressin-secretory neurons are located 
and in astrocytes of the brain and spinal cord 
[10,11,69,70]. Recently, a human AQP4 equivalent 
has been detected in similar locations with strongest
expression in brain and skeletal muscle [71]. Assessment 
of the localization of AQP4 in kidney revealed its 
exclusive presence in basolateral membranes of collect­
ing duct principal cells. No influence o f thirsting on the 
level of AQP4 expression was found [72].
AQP4 lacks a cysteine at the known mercury- 
sensitive sites and, after introduction of a cysteine at 
this very site, no mercury sensitivity was conferred 
[10]. To investigate the mercury insensitivity of AQP4 
further, Shi & Vcrkman [73] individually mutated 
residues 69-74 and 187-190, located next to the 
conserved NPA motifs, into a cysteine. Introduction 
of a cysteine at residue 70, 71, 72, 73 and 189 
conferred mercury sensitivity. The introduction of 
the larger amino acid, tryptophan, at the sites 72 
and 188 completely abolished water permeability 
without affecting plasma membrane expression, indi­
cating that these residues are loeated near the water 
pore. When G72W and A188W were co-injectcd with 
wild-type AQP4, water permeability only slightly 
increased, compared with control oocytes. This sug­
gests that AQP4 monomers are not independently 
functional, as was shown for A Q Pl [73].
The expression of AQP4 at ccrlain sites of the brain 
raises the question what clinical consequences a defect 
in this water channel might have. Based on its pre­
sence in the vasopressin-secretory neurons of the 
hypothalamus, AQP4 has been suggested to be an 
osmoreceptor. This hypothesis implicates that, in case
AQP2 ................................................ MWELRSIAFSRAVFAEFLATLLFVFFGLGSALNW. . .PQA---- LP5VLQIA 45
AQP 5 ................. % ............................ MKKEVCSVAFLKAVFAEFLATLIFVFFGLGSALKW. . .PSA, . . .LPTILQIA 46
AQP0 ................................................ MWELRSASFWRAIFAEF FATLFY VF FGLGSSLRW. . . A P G ---- PLHVLQVA 45
AQP4 fdRKNHACFVETPNLAGEGMSDRPTARRWGKCGPLCTRENIMVAFKGVWTQAFWKAVTAE FLAMLIFVLLSLGSTINW* * ,GGTEKPLPVDMVLIS 92
AQPl ............................................... MASEFKKKLFWRAWAEFLATTLFVFIS X GSALGFKYPVGNNQTAVQDNVKVS 5 3
AQP 3 ................................. MGRQKELVSRCGEMLHIRYRLLRQAL. AECLGTLILVMFGCGSVAQVVLSRGTHG---- GFLTIN 60
E l / \E 2
El\/E2
AQP2 MAFGLGIGTLVQALGHISGAHINPAVTVACLVGCHVSVLRAAFYVAAQLLGAVAGAALLHEITPADIRGDLAVNALSNSTTAGQAVTV....... ..133
AQPS LAFGLAIGTLAQALGPVSGGHI NPA ITLALL VGNQISLLRAFF Y VAAQLVG AI AG AG IL YGV AP LN ARGNL AVN ALNNNTTQGQ A M V V ....... ..134
AQP0 MAFGLALATLVQS VGHI SGAHVgPAVTFAFLVGSQMSLLRAFC YMAAQLLGAVAGAAVLYS VTPP AVRGNLALNTLHP AVSVGQATTV....... .133
AQP4 LCFGLSIATMVQCFGHISGGHINPAVTVAMVCTRKISIAKSVFYIAAQCLGAIIGAGILYLVTPPSWGGLGVTMVHGNLTAGHGLLV....... ..180
AQPl LAFGLSIATLAQSVGHISGAHLjNPAVTLGLLLSCQISIFRALMYIIAQCVGAIVATAILSGITSSLTGNSLGRNDLADGVNSGQGLGI....... ..141
AQP3 LAFGFAVTLGILIAGQVSGAHLiJPAVTFAMSFLARDPWIKLPIYTLAQTLGAFLGAGIVFGLYYDAIWHFADNQLFVSGPNGTAGIFATYPSGHL 155
E 2/\E 3  E3/NE4
E2\/E3 E3\/E4
AQP2 ........ ELFLTLQLVLCIFASTDERRGENP. GTPALSIGFSVALGHLLGIHYTGCSMNPAR S L A P A W T ........G K F D , DHWVFW. ♦ . IGP 208
AQP5 ........ ELILTFQLALCIFA5TDSRRT5PV. GSPALSIGLSVTLGHLVGIYFTGCSMNPARSFGPAWM. .......NRFSPAHWVFW. . .VGP 210
AQP0 ........ EIFLTLQF VLC IF AT YDE RRNGQL. GSVALAVGFSLALGHLFGMYYTGAGMNPARSFAPAILT....... GN F T . NHWVYW * * . VGP 208
AQP4 ........ ELIITFQLVFTIFASCDSKRTDVT.GSIALAIGFSVAIGHLFAINYTGASMNFARSFGFAVIM....... GNWE.NHWIYW. . *VGP 255
AQP 1 ........ ElIGTLQLVLCVLATTDRRRRDLG. GSAPLAIGLSVALGHLLAIDYTGCGINPARSFGSAVIT....... HNFS . NHWIFW. . . VGP 216
AQP3 DMINGFFDQFIGTASLIVCVLAIVDPYNNPGPRGLEAFTVGLWLVIGTSMGFNSGYAVNPARDFGPRLFTALAGWGSAVFTTGOHWWWVPIVSP 250
r i  A  /  \
E4/\E5 E5/\E6
AQP 2 LVGAILGSLLYNYVLFPPAKSLSERLAVLKG. LEPDTDWEEREVRRRQSVELHSPQSLPRGTKA. ......,...* 4 . * . 271
AQPS IVGAVLAAILYFYLLFPNSLSLSERVAIIKGTYEPDEDWEEQREERKKTMELTTR.................................... ..265
AQPO IIGGGLGSLLYDFLLFPRLKSISERLSVLKG..AKPDVSNGQPEVTGEPVELNTQAL...........!!...!!!.!!!!!!!!!! 263
AQP4 IIGAVLAGALYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRSQAKTDDLILKLGWHVIDVDRGEEKKGKDQSGEVLSSV 341
AQPl FIGGALAVLXYDFILAPRSSDLTDRVKVWTS „.GQVEEYDLDADDINSRVEMKPK.........
AQP3 LLGSIAGVFVYQLMIGCHLEQPPPSNEEENVKLAHVKHKEQI....................\ \\. \ \ \\ \ \ \\ \ \ \ \ \ \ ' * * \ \ \ 292
Figure 3. Alignment of human aquaporins 1 to 6. The conserved NPA boxes arc underlined. The exon boundaries (p.l 1:6) 
are indicated above the sequences for AQPO, AQPl, AQP2, AQP4 and AQP5 and below the sequences lor AQl’X Three 
putative start methionines are underlined in the sequence of AQP4. The order of AQP sequences is on the basis o f amino acid 
identity. Data were taken from Refs 46,71,76,82- 84.
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of a defect in the AQP4 gene, hyperosmolality will 
result in an inappropriate release of vasopressin and 
thus might cause some form of hereditary central 
diabetes insipidus. Depending on the exact sites of 
expression of AQP4, however, the possibility of other 
clinical consequences, e.g. a disturbance of liquor 
drainage, need to be considered as well.
Aquaporin 5
A fifth AQP was cloned from the rat submandibular 
gland [12]. AQP5 expressed in Xenopus oocytes con­
ferred a mercury-sensitive water permeability. Northern 
analysis showed the presence of an AQP5 transcript in 
submandibular, parotid and sublingual salivary glands, 
in the lacrimal gland, and in the eye, trachea and lung 
[12]. Based on amino acid identity, AQP5 is more closely 
related to AQP2 than to the constitutively active water 
channels AQP1, AQP3 and AQP4. Furthermore, the 
cytoplasmic loop D of AQP5 contains a PKA consensus 
site, similar to the PKA consensus site in the C-terminus 
of AQP2. As insertion of AQP2 into the apical 
membrane is regulated by AVP, AQP5 may be regulated 
by the autonomic nervous system, which controls the 
production of tears and saliva [12].
Based on its tissue distribution, AQP5 is thought to 
play an important role in the generation of saliva, 
tears and pulmonary secretion and has been postu­
lated to be involved in conditions such as the Sjogren 
syndrome, an autoimmune disease causing lack of 
tear and saliva formation [12],
Gene organization and chromosomal localization
Only recently have the genomic organization and 
localization of all six human aquaporins been fully 
understood. These six AQPs consist of 263-341 
amino acids (Fig. 3), which are encoded by mRNAs 
of 1019-4060 bases (Fig. 4). AQP2 and AQP4 mRNAs 
have been reported to be polyadenylated at different 
positions, and AQP4 is thought to be transcribed from 
different promoters resulting in different N-terminal 
amino acids [46,71] (Fig. 4). Based on the amino acid 
identity between all six AQPs, it is clear that the AQPs 
originate from a common ancestor. Of the six AQPs, 
AQP3, which is functionally different from the others, 
has diverged most (Fig. 3) and has, in contrast to the 
others, a high identity to the glycerol facilitator protein 
(GlpF) of E . coll The evolutionary distance of AQP3 
from the others is also reflected in its chromosomal 
localization and genomic structure (Fig. 4). AQPO, 
AQP2 and AQP5, which are most similar (Fig. 3), 
are located on chromosome 12ql3, forming an aqua­
porin gene cluster [74-76]. The genes for AQP1, AQP3 
and AQP4 are localized on different chromosomes. 
AQP1 has been assigned to chromosome 7 p l4 -p l5  
[77]. The gene for AQP3 was originally localized to 
chromosome 7q36 [78], but this was later corrected by 
Mulders el a l [79] and confirmed by Ishibashi et cil 
[80]. Localization is now agreed to be on chromosome 
9pl2-p21. AQP4 has been mapped to chromosome 
18q22 [71]. Recently, a new human MIP homologue 
has been cloned, which also maps to chromosome 12, 
and is probably part of the aquaporin gene cluster. This
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Figure 4, Genomic structure and chromosomal localization of aquaporins 1 to 6 . Exons are indicated by rectangles, introns by 
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homologue is expressed exclusively in kidney and is not 
permeable to water, urea or glycerol [81].
The genes for AQPO, AQP1, AQP2, AQP4 and 
AQP5 are comprised of four exons, of which the 
first repeat of the molecule is encoded by exon 1, 
while the second repeat is encoded by exons 2 to 4
[46,71,76,82,83] (Fig. 3). Based on a cDNA obtained
by PCR, which might introduce errors, transcription 
of AQP4 has been reported to be alternatively started 
from an upstream fifth exon, which would splice onto 
the first exon [71]. Since this fifth exon was not found 
in their genomic fragments and the distance to exon 1 
was not established, a PCR artifact or a ligation of a 
different cDNA onto that of AQP4 during the cDNA 
synthesis must be considered a likely explanation. The 
genomic structure of AQP3 is completely different 
from the others. The AQP3 gene comprises six 
exons [84; Fig. 4], All AQP genes, except that of 
AQP3, have identical exon-intron boundaries and 
are spliced after a full codon triplet. The AQP3 gene 
is only spliced at a complete triplet after the first and 
fourth exon (Fig. 4). These data place AQP3 in a 
different evolutionary branch from other aquaporins 
[8].
Conclusions
The search for new AQPs will continue and more 
surprises can be anticipated. So far, the discovery of 
AQPs has greatly enhanced our insight into the 
physiology of water transport. However, the picture 
is far from complete. The absence of clinical symptoms 
in persons with AQP1 knock-out mutations is still 
puzzling and demands further studies. Another ques­
tion with clinical implication is whether AQP inhibitors 
can be used as aquaretics. Finally, the growing family 
of AQPs may harbour causes for other hereditary 
diseases as has only been demonstrated so far for AQP2.
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